systems for protein synthesis, this wheat germ-based system is of special interest for its eukaryotic nature; it has the significant advantage of producing a large amount of eukaryotic multi-domain proteins in folded state (Endo and Sawasaki 2006; Goshima et al. 2008; Takai et al. 2010) . Thus, this system may be suitable for high-throughput synthesis of any reactant proteins for autoantibodies. Moreover, when recombinant proteins fused to N-terminal glutathione S-transferase (GST) are prepared in this system and captured on glutathione-coated ELISA plates (Sehr et al. 2001) , the multi-step processes for the purification and immobilization of each protein required in conventional ELISA methods may not be necessary.
This report describes the development of a capture ELISA system using synthesized proteins fused to GST in the wheat germ cell-free protein production system. This method allowed the simple immobilization and purification of the proteins in one-step on ELISA plates pre-coated with glutathione casein. Then, this system was used to measure the rheumatoid factor (RF) in a murine model for rheumatoid arthritis (RA), MRL/Mp-lpr/lpr (MRL/lpr) (Murphy and Roths 1978; Nose et al. 1989 ). This mouse strain spontaneously develops arthritis resembling RA associated with high titers of IgG-RF, supporting the concept that IgG RF is one of disease-specific autoantibodies in RA (Theofilopoulos and Dixon 1985) . Our results may reveal that the RF activity does not genetically correlate with the severity of arthritis in this model.
Materials and Methods

IgG-Fc with GSTtag in cell free system
The Fc portion of human IgG1 (IgG-Fc) was prepared as RF reactant according to a cell-free protein synthesis system using wheat germ ribosomal RNA (Madin et al. 2000; Sawasaki et al. 2002a; Soga et al. 2009 ). In brief, the Fc portion of human IgG1 cDNA (Kitai et al. 1988 ) was inserted into a pEUE01-GST-N2 expression vector (CellFree Sciences, Matsuyama, Japan) containing a GST region and SP6 promotor. The GST-IgG-Fc proteins were automatically synthesized by the Robotic Protein Synthesizer Protemist® DT (CellFree Sciences) as previously described (Soga et al. 2009 ). Namely, 250 µ l of transcription mixture containing 25 µ g of the plasmid DNA, 80 mM HEPES-potassium hydroxide, pH 7.8, 16 mM magnesium acetate, 2 mM spermidine, 10 mM dithiothreitol, 2.5 mM each of nucleoside triphosphates, 250 U of SP6 RNA polymerase (Promega, Madison, WI, USA) and 250 U of RNasin (Promega) was incubated for 6 hr at 37°C. After the incubation, the transcription solution containing transcribed mRNA was mixed with 250 µ l of wheat germ extract WEPRO1240 (CellFree Sciences) supplemented with 2 ml of 20 mg/ml creatine kinase in a single well of a six-well plate. The 5.5 ml substrate mix (30 mM HEPES-potassium hydroxide, pH 7.8, 100 mM potassium acetate, 2.7 mM magnesium acetate, 0.4 mM spermidine, 2.5 mM dithiothreitol, 0.3 mM amino acid mix, 1.2 mM ATP, 0.25 mM GTP and 16 mM creatine phosphate; CellFree Sciences) was then added on top of the translation mix and then was incubated at 17°C for 20 hr. The reaction mixture was used without any purification procedures as IgG-Fc-GST to be captured on the ELISA plates. In some experiments, the IgG-Fc-GST in the mixture was purified by glutathione Sepharose 4B (GE Healthcare, Uppsala, Sweden) according to the instructions for use.
GST capture ELISA
GST capture ELISA was performed basically according to the previously described method (Sehr et al. 2001) . In brief, to conjugate glutathione to casein, casein (Wako, Osaka, Japan) at a concentration of 5 mg/ml in phosphate-buffered saline (PBS) was incubated at room temperature (RT) with 0.4 mM N-ethylmaleimide (NEM; SigmaAldrich, St. Louis, MO, USA) and then the single cysteine residue was blocked in casein. Next, sulfosuccinimidyl 4-[p-maleimidophenyl] butyrate (SSMBP; Pierce, Rockford, IL) was added at 4 mM as a cross-linker. Free SSMBP and NEM were separated from casein on PD10 columns (GE Healthcare). The protein fraction was then supplemented with 10 mM glutathione (Wako) and the coupling reaction was executed for 1 h at RT. The glutathione casein was separated from unbound glutathione by gel filtration with PD10, using PBS as buffer and stored at −20°C until use. Next, plastic plates, consisting of 96 wells (Thermo Labsystems, Franklin, MA), were coated overnight at 4°C with 100 µ l/well of glutathione casein, 2 µ g/ml in 50 mM carbonate buffer, pH 9.6. The optimal concentration of glutathione casein was determined in a titration study by using plates pre-coated with it in a various concentration (0.5 to 8 µ g/ml). Thereafter, the wells were incubated for 1 h at 37°C with blocking buffer (0.2% casein in PBS, 0.05% Tween 20), followed by incubation for 1 h at 4°C with the reaction mixture (100 µ l/well) of IgG-Fc-GST proteins synthesized in cell free system diluted in blocking buffer. The coated ELISA plates were then incubated for 1 h with 100 µ l/well of goat anti-human IgG-Fc antibodies conjugated with alkaline phosphatase (AP; Sigma-Aldrich) or diluted sample solution of mouse monoclonal antibodies and mouse sera. Bound antibodies of the later were detected by polyclonal goat anti-mouse immunoglobulin IgG (Sigma) or IgM (Zymed Laboratories Inc., San Francisco, CA), conjugated to AP, diluted 1/2000 in blocking buffer. In some experiments, the conventional ELISA using E. coli.-generated IgG-Fc with the same construct (Nose et al. 1990 ) which were purified by protein A column (GE Healthcare) was performed in the same procedure. Commercialized glutathione-coated ELISA plates for GSTproteins, which are pre-coupled with glutathione via polyethylene glycol as a spacer, were reacted overnight at 4°C with GST or IgG-Fc-GST proteins synthesized in cell free system according to the manufacturer instructions.
Mouse sera
Serum samples for RF were prepared from MRL/MpJ-lpr/lpr (MRL/lpr) and C3H/HeJ-lpr/lpr (C3H/lpr) mice and 11 lines of a recombinant inbred (RI) strain of mice, MXH/lpr, established by intercrosses between an MRL/lpr and a C3H/lpr strain of mice. These lines had a different genome recombination each other derived from the parental strains in homozygote. Sera from C3H/HeJ mice without the lpr gene were used as normal control for RF. The parental strains of mice were originally obtained from Jackson Laboratory (Bar Harbor, ME). All of the mice used in this study were bred and housed in an animal facility in a pathogen-free and climate-controlled environment with 12 hr light/dark cycles. All experiments were done according to the Guidelines for the Care and Use of Laboratory Animals at Ehime University.
RF monoclonal antibodies
Hybridomas producing IgM-RF monoclonal antibodies (clones; Zao2 and Zao7) were prepared by the cell fusion of NS-1 myeloma cells with unmanipulated spleen cells from a 20 wk-old male C57BL/ 6-lpr/lpr mouse, which were originally obtained from the Jackson Laboratory (Bar Harbor), according to a method described elsewhere (Takahashi et al. 1993) . The selection of IgM-RF-producing hybridoma cells was performed in conventional ELISA using E. coli.-generated IgG-Fc (Nose et al. 1996) . Ant-TNP monoclonal IgM antibodies (a mouse hybridoma clone; Sp6) (Nose and Wigzell 1983) were used as a murine IgM control.
Histopathology of arthritis
The mice were killed under ether anesthesia, and their hind limbs were processed for histopathology. Whole ankle joints were fixed in 10% formalin in 0.001 M phosphate buffer, pH 7.2, decalcified in 10% formic acid, and embedded in paraffin. Serial sections 2-3-µ m thick were taken sagittally through the talus and stained with hematoxylin and eosin for examinations by light microscopy. The lesions, including the calcaneus bone and anterior and posterior synovial tissue at the ankle joints, were evaluated histopathologically. To evaluate the severity of synovitis, the following grading was used: normal, grade 0; thickening and proliferation of synovial lining, grade 1; and grade 1 with granulomatous and/or fibrous lesions in synovial sublining tissue, grade 2 (Kamogawa et al. 2002) . Pannus formation was categorized as follows: normal, grade 0, extending to bone cortex, grade 1; and further to bone marrow, grade 2. Each score of synovitis and pannus formation in the individual mice was represented as the maximum score in the bilateral ankles.
Statistical analysis
Student's t-test was applied to analyze the statistical significance of the results. A p value of < 0.05 was considered to be significant. Correlation between any two parameters of the severity of arthritis and RF activity; synoviti vs. pannus, IgG-RF vs. IgM-RF, IgG-RF vs. synovitis/pannus, and IgM-RF vs. synovitis/pannus, was estimated by the Spearman rank-correlation coefficient as indicated r.
Results
One-step capture of IgG-Fc-GST fusion proteins on the ELISA plates
Synthetic IgG-Fc-GST in the reaction mixture was successfully captured on ELISA plates coated with glutathione-conjugated casein. The reaction mixtures of GST or IgG-Fc-GST prepared in cell free system themselves showed multiple bands on PAGE as shown in Fig. 1A . However, each fraction obtained after reacting on and then eluting from the ELISA plates coated with glutathione-conjugated casein, but not with casein only, clearly showed a single band with the expected molecular sizes corresponding GST or GST-IgG-Fc, except a few extra bands with 22-25kD in molecular sizes derived from wheat germ extract (Fig. 1B) .
The dose dependency of IgG-Fc capture on the glutathione casein-coated plates was measured by using antihuman IgG-Fc antibodies (Fig. 2) . Synthetic IgG-Fc-GST in the reaction mixture was reacted with the glutathione casein-coated plates at a series of concentrations generated by serial dilution. The results showed the capture of IgGFc-GST to be saturated at concentrations of less than 1.0 µ g/ml under this condition. The background coating only with glutathione casein was quite low and GST itself did not react at any concentrations.
Reactivity of monoclonal RF on the capture ELISA
Next, to confirm the specificity of RF reactivity of the Fig. 1 . Capture of the synthetic IgG-Fc-GST on glutathione casein-coated ELISA plates. A. The reaction mixture (0.5 µ l) of vector free (−), GST or IgG-Fc-GST was loaded on SDS-PAGE. B. The same mixture of samples (100 µ l) was loaded after reacting on and then eluting by using 10 µ l of elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione, pH8.0) from the ELISA plates coated with; casein only (lane 1) or glutathione-conjugated casein (10 mg/ml; lane 2, 1 mg/ml; lane 3). Each eluate (0.5 µ l) was loaded on SDS-PAGE. GST and IgG-Fc-GST seemed to be specifically bound to the glutathione casein-coated plates. Extra bands around 25 kDa seemed to be from wheat germ extract. Asterisk indicates the expected band on each lane.
capture ELISA plates, the reactivity of mouse monoclonal IgM RF, clones Zao2, Zao7 and Sp6 (see Materials and Methods) was compared with that of the conventional ELISA plates coated with E. coli.-generated IgG-Fc (Fig. 3) . Both monoclonal IgM RF showed almost the same reactivity between the capture ELISA and the conventional ELISA systems. And, mouse IgM control showed no reactivity in both ELISA systems.
Measurement of RF activity of mouse sera
Finally, the IgG RF activity in mouse sera was compared between the arthritis-prone strain of mice MRL/lpr and the non-arthritic strain of mice C3H/lpr, both of which possess the Fas deletion mutant lpr (Nagata, 1994) (Fig.  4A) . MRL/lpr mice showed a higher reactivity than C3H/ lpr mice as previously reported (Theophilopoulus and Dixon 1985) . And, sera from C3H/HeJ mice without the lpr gene showed no reactivity for IgG-Fc. At the same time, the results were compared with those obtained using commercialized GST-ELISA plates (Fig. 4B) . Unexpectedly, GST-ELISA did not show any IgG-Fc specificity in both mouse sera.
Genetic dissociation of RF activity from the severity of arthritis in the MXH/lpr mice
The capture ELISA system was used to determine the correlations between the RF activity and the severity of arthritis in the recombinant inbred strains of mice, MXH/lpr. MXH/lpr mice were established by intercrosses between MRL/lpr and C3H/lpr strains of mice, among which genetic dissociation of arthritis might be generated due to genome recombination between the parental stains, based on a previous study of chromosomal mapping of the susceptibility loci to arthritis (Nose et al. 1989; Kamogawa et al. 2002) . Expectedly, genetic dissociation of arthritis was observed among the MXH/lpr mice (Fig. 5) ; that is, several lines among the MXH/lpr mice showed a significantly higher score in the severity of synovitis (lines; 07, 10, 25 and 36) ( p < 0.05 vs. C3H/lpr) and pannus formation (lines; 10, 25 and 36) ( p < 0.05 vs. C3H/lpr) while others such as lines 51 Fig. 3 . Reactivity of monoclonal RF on the capture ELISA and the conventional ELISA systems. The culture supernatant of the hybridomas producing IgM monoclonal RF (clones; Zao2 and Zao7) and IgM monoclonal anti-TNP antibodies (clone; Sp6) was reacted on the capture ELISA (A) and the conventional ELISA (B) systems in a serial dilution. These antibodies showed almost the same reactivity between both ELISA systems. Absorbance indicates the mean value of OD 405 -OD 510 in triplicate samples. and 54 showed a lower score in the both severity. In addition, the severity between synovitis and pannus formation was highly correlated (r = 0.725, Fig. 7A ), indicating that both lesions are on the same pathological sequence leading arthritis. Then, the IgM-and IgG-RF activity of each stain of MXH/lpr mice was measured. As shown in Fig. 6 , it was clearly demonstrated that IgM-and IgG-RF activity was also genetically dissociated among the MXH/lpr mice. IgG-RF activity of the line 41 was extremely higher than even the arthritis-prone parental strain of mice MRL/lpr ( p < 0.01) and IgM-RF activity of the lines 06 and 36 was also higher than that of both parental strains ( p < 0.01). There was only a slight negative correlation between both activities (r = −0.286, Fig. 7B ).
Finally, correlation between the severity of arthritis and RF activity was examined. There was only a slight positive correlation between any two parameters; IgM-RF or IgG-RF vs. synovitis or pannus formation (r < 0.265 in any combinations, Fig. 7C and D) .
Discussion
This study presented a novel method combining the GST-capture ELISA and the wheat germ cell-free protein Fig. 4 . RF activity of the mouse sera. The mouse sera from male mice of an arthritis-prone stain of mice, MRL/lpr and nonarthritic strain of mice, C3H/lpr (pooled sera at 16-20 weeks old, n = 5 each) were compared in a serial dilution. A. The capture ELISA plates, showed the sera from MRL/lpr mice was greater than those from C3H/lpr mice. The normal control sera from C3H/HeJ mice (pooled sera at 8 weeks old, n = 12) showed no reactivity. B. The same samples were measured on commercialized GST-ELISA plates. The results showed higher background, thus indicating the reaction to be non-specific for IgG-Fc. Absorbance indicates the mean value of OD 405 -OD 510 in triplicate samples. production system, which thus provides high-throughput screening to clarify disease-specific autoantibodies in autoimmune diseases. The key points of this system are, first, to be able to use any kind of recombinant proteins fused to GST synthesized in the cell-free system without any purification processes, and second, to immobilize them on ELISA plates pre-coated with glutathione casein in one-step and at once. This system was used to actually measure RF reacting with recombinant IgG-Fc with GST synthesized in the cellfree system. First, the RF specificity of this system was compared with a conventional ELISA containing E. coligenerated IgG-Fc using two types of monoclonal IgM-RF with a higher affinity and lower affinity. The results were similar between the two systems (Fig. 3) . Next, the IgG-RF activity in mouse sera derived from MRL/lpr and C3H/lpr mice, which has higher RF activity in the former and lower in the later (Theofilopoulos and Dixon 1985) , was measured, and compared their specificity with commercialized glutathione-coated ELISA plates. The results showed that the commercialized ELISA showed not only increased background but also absence of specific reactivity (Fig. 4B) .
Then, this method was used to clearly demonstrate the genetic dissociation of RF from arthritis in a mouse model for RA. RI strains of mice MXH/lpr mice were prepared using two different parental inbred strains as progenitors, MRL/lpr and C3H/lpr mice, followed by an F1 intercross and more than 20 generations of strict brother-sister mating. This breeding protocol allows the production of a family of new inbred strains with special properties relative to each other since the genome of each RI strain consists of a random combination of genomes. MXH/lpr mice are the first RI strains in autoimmune disease model mice. In this study, the severity of arthritis was different among the strains, thus indicating that genome recombination between the parental strains regulates the severity of arthritis (Fig. 5) . A previous study (Kamogawa et al. 2002) suggested that arthritis in MRL/lpr mice is under the control of multiple gene loci with an allelic combination derived from the original inbred strains by chromosomal mapping of the susceptibility loci to arthritis by using the backcross progeny of MRL/lpr × (MRL/lpr × C3H/lpr) F1 mice. The present results verified this proposed concept more clearly by using RI strains on the ground of the reason as described below.
In general, the genetic analysis of disease phenotypes by crossing disease-prone and non-disease prone strains allows for the examination of only the phenotype of one individual in an association with genotypes. This may make it difficult to analyze complex disease phenotypes in a reproducible fashion (Theofilopoulos et al. 1989) . In this respect, a set of inbred strains having a genomic mosaic of progenitor strains such as MXH/lpr is considered to be a highly appropriate tool for analyzing the disease phenotypes in a reproducible fashion. In fact, the current study demonstrated genetic dissociation of the severity of arthritis and the RF activity (Figs. 6 and 7) . RF has been considered as the argument that RA is an autoimmune disease, and also as the disease-specific autoantibodies in RA. However, the specificity and sensitivity of RF to RA are still controversial and a pathological basis of RA negative for RF, so called sero-negative RA, remains unclear. Our results may indicate that RF activity is not associated with the development of arthritis at least in this mouse model, and other autoantibodies, if present, could be considered as pathogenic autoantibodies.
Not only arthritis, but also other pathological phenotypes might be genetically segregated from autoantibodies, which have been reported as disease-specific antibodies. Therefore, the system using the capture ELISA with many synthetic proteins in cell free system may thus make it possible to perform a screening study of the protein reactants of autoantibodies and verify their significance for disease phenotypes in mouse models and also humans.
